The "electrochemical/chemical method" (or "E/C method") is a new wet chemical method for synthesizing semiconductor quantum dots on graphite surfaces. The E/C synthesis of quantum dots composed of the generic semiconducting salt, MX, typically involves three steps: (1) electrochemical deposition of nanoparticles of the metal, M°, from a solution of metal ions, M n+ ; (2) electrochemical oxidation of these metal particles to MOn/2, and; (3) displacement of the oxygen from MOn/2 using HX (for example) to yield nanoparticles of MX. This conversion from metal to metal oxide to metal salt occurs on a particle-by-particle basis; that is, each metal nanoparticle is converted into a semiconductor nanoparticle. E/C-synthesized -CuI and CdS quantum dots possess many of the attributes of quantum dots synthesized using molecular beam epitaxy, including epitaxial orientation on the graphite surface, a narrow size dispersion, and strong, particle size-tunable photoluminescence. However, the E/C method is faster, cheaper, and applicable to a greater number of materials.
I. Introduction
The remarkable size-dependent optical properties of semiconductor nanocrystals or quantum dots were discovered in the early 1980s by the research groups of Brus, 1, 2 Henglein, 3, 4 and Grätzel. 5 In this pioneering work, liquid-phase methods for synthesizing suspensions of nanocrystals in solvents such as water and acetonitrile were developed (Scheme 1a).
In the ensuing 15 years, synthetic methods for quantum dots have been refined, and it is now possible to obtain nanocrystals of I-VII materials (e.g., AgBr 6,7 ), II-VI materials (e.g., CdSe 8 ), III-V materials (e.g., GaAs 9,10 ), and Group IV materials (e.g., Si 11 ) that are narrowly dispersed in diameter. Suspensions of these nanocrystals are stable, and these suspensions have proven to be ideal for investigating the photophysics of quantum dots.
The discovery in 1990 of the growth by molecular beam epitaxy (or MBE) of germanium islands on silicon, 12, 13 and indium gallium arsenide (i.e., In x Ga 1-x As) islands on gallium arsenide, 14 constituted a breakthrough with respect to the assimilation of quantum dots into technology (Scheme 1b). When quantum dots are "synthesized" using molecular beam epitaxy, the crystalline lattice of each quantum dot is assembled in an atomic layer-by-layer fashion. Quantum dots prepared by molecular beam epitaxy possess two important properties: the crystalline lattices of each island are identically oriented with respect to the sample surface (i.e., the growth of these islands is "epitaxial"), 15 and an intimate electrical contact exists between the island and the conductive sample surface. Recently, these two attributes have facilitated the incorporation of quantum dots into laser diodes (LDs). 16 Unfortunately, molecular beam epitaxy is limited in terms of the materials from which quantum dots can be obtained, and in terms of the accessible island diameter, island thickness, and the number density of islands on the surface. We have sought to develop a solution-phase method for synthesizing supported quantum dots (Scheme 1c). Ideally, these quantum dots would possesses all of the attributes of those prepared using liquid-phase synthetic methods (adjustibility of the nanocrystal identity and diameter; excellent size monodispersity) and the technological utility of quantum dots prepared by molecular beam epitaxy (specifically, the deposition of nanocrystals with a defined orientation and an electrical contact to the outside world). For two systems ( -CuI, and CdS), we have demonstrated that a radically new method can produce quantum dots possessing all of these attributes. We call this new method the electrochemical/chemical (or E/C) method.
The E/C synthesis of nanocrystals of a metal salt, MX, involves three steps, as shown in Scheme 2: first, metal nanocrystals (e.g., cadmium) that are similar in size are electrochemically deposited on a graphite surface from an aqueous solution containing the metal ion (e.g., Cd 2+ ); second, these particles are oxidized either chemically or electrochemically (this transforms the Cd particles into Cd(OH) 2 particles, for example); and finally, the hydroxyl (OH -) is displaced with another anion (e.g., sulfide; S 2-) to yield nanoparticles of a semiconducting salt (e.g., cadmium sulfide, CdS). In fact, billions of CdS quantum dots are produced on the graphite surface in a single E/C synthesis operationsone CdS particle for every cadmium metal nanoparticle that was formed in step 1. Typical atomic force microscope images of CdS quantum dots are shown in Figure 1 .
In this Account, the E/C synthesis of ZnO, CuI, and CdS is reviewed, the photoluminescence properties of E/Csynthesized quantum dots are summarized, a method for improving particle size monodispersity is presented, and the construction of a photodetector based on E/Csynthesized nanocrystals is briefly described.
II. Electrodeposition of Size-Monodisperse Metal Nanoparticles
As shown in Scheme 2, the E/C syntheses of ZnO, -CuI, and CdS begins with the electrodeposition of zinc, copper, and cadmium nanoparticles, respectively. The reason this first step is especially important is implicit in Schemes 1 and 2: the chemical transformations from metal to metal oxide to metal salt take place on a particle-by-particle basis. In the E/C synthesis of CdS nanocrystals, for example, each cadmium metal nanoparticle deposited in step 1 of the synthesis is oxidized in step 2 to yield a nanoparticle of Cd(OH) 2 , and each Cd(OH) 2 nanoparticle reacts in step 3 to yield a nanocrystal of CdS. This CdS nanocrystal contains the same number of cadmium atoms as were present in the "parent" cadmium metal nanoparticle deposited in step 1 of the synthesis; however, its diameter will be larger as a consequence of the larger molar volume of CdS (29.98 cm 3 mol -1 for CdS vs 13.01 cm 3 mol -1 for Cd°). The key point is that in an E/C synthesis, the size and size dispersion of product nanoparticles are decided by the corresponding properties of the metal nanoparticles deposited in step 1, and this step therefore assumes special importance.
An electrochemical method for preparing metal nanoparticles on graphite surfaces was discovered in 1996 by Jim Zoval. 17 Zoval found that the electrodeposition of silver onto a graphite electrode surface yielded silver nanoparticles, even if minute quantities of silver of less than 1 equivalent atomic layer were deposited. Surface scientists refer to this prompt three-dimensional growth mode as Volmer-Weber deposition. 18 Since 1996, we have found that other metals, including platinum, 19 copper, 20 nickel, 21 cadmium, 22, 23 and zinc, 24 also deposit by this same VolmerWeber mechanism on graphite. Noncontact atomic force microscope (NC-AFM) images of a graphite surface following the deposition of 0.039 monolayer of platinum, for example, are shown in Figure 2a . 19 Platinum nanoparticles having a mean diameter of 52 Å are seen on a graphite surface in this image. The image of Figure 2a also shows that platinum nanoparticles have nucleated both at defect sites such as step edges, and on atomically smooth terraces. Volmer-Weber growth is favored at coordinatively saturated surfaces, like graphite, that are characterized by a low interfacial free energy 18 (35 dyn cm -1 in the case of the graphite basal plane 25 ). Becca Stiger has demonstrated 26 that the Volmer-Weber deposition mechanism also operates at another low-energy surface: that of hydrogen-terminated Si(100). The NC-AFM image of Figure 2c , for example, shows a H-terminated Si(100) surface following the electrodeposition of 0.037 equivalent atomic layers of silver from an acetonitrile-based plating solution. 26 The mean diameter of electrodeposited metal nanoparticles on graphite or silicon increases as a function of the deposition time. This provides a means by which quantum dots of any desired mean diameter may be prepared.
In the case of platinum, for example, Figure 3 shows that the mean particle diameter increases in proportion to the cube root of the quantity of platinum. 19 
III. Conversion of Metal Nanoparticles to Semiconductor Nanoparticles
In 1997, a graduate student in our group, Gregor Hsiao, discovered that nanocrystals of copper(I) iodide were produced on graphite surfaces following the electrodeposition of copper and the exposure of these surfaces to aqueous iodide-containing solutions. His E/C synthesis of CuI sparked our interest in this unique synthetic method. The initial assignment of CuI to the product of his synthesis was based on the observation of a bright violet photoluminescence (PL) from these surfaces at room temperature. It was assumed that the violet PL was caused by band-edge emission from γ-CuI having a direct band gap at 2.92 eV (corresponding to violet emission at 429 nm). How was the crystal structure of these nanocrystals measured, and how was the existence of a cuprous oxide intermediate deduced?
In 1997, these questions were difficult ones for us to answer. In the specific case of CuI, for example, we had no direct structural evidence for CuI on these surfaces, and no reason to suspect that Cu 2 O might be an intermediate in the synthesis of CuI, as shown in Scheme 2. The characterization of these nanocrystals using a diffraction-based method was required in order to learn their structure, but the submonolayer coverage of CuI nanoparticles on these surfaces was insufficient to permit 3. Plots of the mean particle height versus charge (inset), and the mean particle height versus the inverse cube root of the deposition charge density, Q 1/3 (in units of µCoulomb/cm 2 ) 1/3 , for the electrodeposition of platinum nanocrystals on graphite. The straight line shown here is that expected for a particle density of 2.3 × 10 9 cm -2 . The potentiostatic deposition of platinum in these experiments was carried out using an aqueous plating solution containing 1.0 mM PtCl 6 2-and 0.10 M HCl. The deposition potential was -600 mV vs a saturated mercurous sulfate reference electrode.
(From ref 19.)
Synthesis of Quantum Dots Penner powder X-ray diffraction to be used for this purpose. Fortunately, a postdoctoral member of our group, Sasha Gorer, discovered that the E/C synthesis of CuI nanocrystals could be carried out on very thin (∼300 Å thick) graphite flakes, and that selected area electron diffraction (or SAED) could be employed to analyze the composition and orientation of these nanocrystals. His SAED analysis, summarized in Figure 4a , showed that nanoparticles produced by copper electrodeposition in an aqueous electrolyte were composed of cubic Cu 2 O, not metallic copper. 20 Thus, the E/C synthesis of CuI proceeded via an intermediate, as shown in Scheme 2. Gorer's SAED analysis yielded three other surprises: First, "CuI" was, in fact, -CuIsa wurzite phase allotrope of this compound that is thermodynamically stable only at temperatures greater than 300°Csnot γ-CuI which is the allotrope that is stable at room temperature. Second, Cu 2 O nanoparticles did not move laterally on the surface during conversion to CuI. When coupled with the diffraction data, this observation justified the conclusion that the conversion to CuI from Cu 2 O was occurring on a "particle-by-particle" basis (the alternative, involving the appearance of "new" particles of CuI and the disappearance of "old" Cu 2 O particles, was clearly not occurring). Finally, as shown in Figure 4a , SAED patterns for thousands of -CuI nanocrystals consisted of spots, not rings.
Because these SAED patterns were derived from diffraction from a discontinuous layer of nanocrystals on the graphite surface, this result implied that most CuI nanocrystals on these surfaces adopted a preferred, and crystallographically identical, orientation with respect to the hexagonal graphite lattice. In other words, the CuI nanocrystals were epitaxially deposited. A year later, Matt Anderson showed that nanocrystals of CdS (a II-VI material) could be synthesized using an exactly analogous procedure (Scheme 2) involving the electrodeposition of Cd°, oxidation to Cd(OH) 2 , and exposure of oxide nanoparticles to basic, aqueous S 2-. 22 Nanocrystals of wurtzite CdS also deposited in an epitaxial fashion on the graphite surface 22 (see Figure 4b ).
The preference of CuI and CdS nanocrystals for a particular orientation on graphite is explained by the plots shown in Figure 5 . In this figure,the energy of islands having a particular (as indicated) and azimuthal orientation on a graphite surface has been calculated. All three of these materials possess the wurtzite crystal structure, and we have assumed in our calculation that the (0001) plane of the crystal contacts the hexagonal graphite surface. Data for platinum, CuI, CdS, and ZnO are shown, and it is apparent that the plots for CuI and CdS, but not ZnO, exhibit prominent minima in the energy versus angle calculation. These energetic wells correspond to coincidences between the lattice of the nanocrystal and that of the graphite surface, as shown schematically for CdS at the bottom of Figure 5 . 23 In contrast, no significant energetic minima are seen for the (0001) surface of wurtzite-phase ZnO, indicating that this interface is badly mismatched at all angles. 24 Thus, no energetic motivation exists for ZnO nanocrystals to adopt a preferential orientation on the graphite surface, and a SAED powder pattern like that seen in the experimental data of Figure 4c is expected. Data for the three low-index faces of platinum are also shown in Figure 4 for purposes of comparison. Especially for [100] and [111] (the likely termination faces for a platinum nanocrystal), pronounced energy minima are absent. Experimentally, we have found that platinum nanocrystals, like nanocrystals of ZnO, have no orientational preference (data not shown). 19 At least for these four materials, the relatively simple calculation used to generate the data of Figure 5 correctly predicts the epitaxial nature of the E/C deposition for both -CuI and CdS, and it predicts the absence of epitaxy for nanocrystals of ZnO and platinum on graphite.
Although both CuI and CdS possess an excellent lattice match to graphite, it is nevertheless unclear how nanocrystals of these materials locate the minimum energy FIGURE 4. Selected area electron diffraction patterns (SAED) acquired for the E/C synthesis of three materials: (a) -cuprous iodide, (b) cadmium sulfide, and (c) zinc oxide. In each case, a 10-µm-diameter region of the surface was sampled. Assignments of one or two diffraction spots associated with each of these products are indicated. In addition, a hexagonal array of diffraction spots assignable to graphite is visible in each pattern.
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Penner configurations shown in Figure 5 when no lateral motion of these particles is apparent in TEM images of these surfaces obtained before and following the third step of the synthesis 20, 23 Resolution of this mystery must await a full atomic level description of the displacement reaction which we hope to formulate in the future. Collectively, however, SAED data coupled with TEM images of -CuI and CdS nanocrystals convincingly demonstrate that metal oxide nanoparticles are converted on a particle-byparticle basis into semiconducting metal salt particles, thereby supporting the "E/C paradigm" set forth in the schematic diagrams of Scheme 2.
IV. Photoluminescence Spectroscopy of E/C-Synthesized Materials
Usually, the photoluminescence (or PL) of molecules located within a few angstroms of a conductive surface is efficiently quenched. 27 Remarkably, this is not the case for the PL of E/C-synthesized nanocrystals on graphite surfaces. 28 Typical PL spectra for ZnO, 24 -CuI, 20 and CdS, 23 for example, are shown in Figure 6 . Ralph Nyffenegger together with undergraduates Mo Shabaan and Ben Craft developed the abbreviated E/C synthesis for ZnO films and nanoparticles indicated in Scheme 2. 24 A PL spectrum for one of their ZnO films is shown in Figure 6a . 29 This spectrum is notable for two reasons. 24 First, a progression of emission lines, instead of a single PL line, is observed in this spectrum. These additional lines derive from phonon loss transitions in which an integer number of phonons have been excited in the course of emission. The energy separating these emission lines (∼76 meV) corresponds to the energy of a single LO phonon in this material, and the presence of six phonon loss lines in this spectrum is consistent with an extremely low defect density for this material. Second, no emission is seen in the low-energy region of the PL spectrum in Figure 6a 
(UV) to 2.eV (green).
Emission from midgap states derived from impurities and defects has been a ubiquitous feature of the PL spectrum for ZnO synthesized using other methods. 24 The absence of this emission in the spectrum of Figure 6a suggests that E/C-synthesized ZnO films are free of impurities (i.e., "intrinsic") and defects. 30 Thus far, we have not investigated the optical properties of ZnO quantum dots because until recently, the means for photoexciting these particles at energies greater than 3.5 eV did not exist in our laboratory.
PL spectra for -CuI and CdS quantum dots are shown in Figure 6b and c, respectively. Emission from E/C-FIGURE 5. Plot of the calculated interfacial energy, E/ o , versus angle for the interface of six different interfaces involving the graphite(0001) surface. In each of these calculations, the absolute interfacial energy, E, has been normalized by the well depth of the Lennard-Jones pairwise potential, o . Each island was approximately 25 Å in diameter and consisted of 126 atoms partitioned into two layers of equal size. The graphite surface consisted of 1882 atoms also partitioned into two layers. At bottom left is shown the configuration for the CdS-graphite calculation corresponding to 0°, and at bottom right is shown the configuration for this system corresponding to the energy minimum at 30°. 
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Penner synthesized nanocrystals of -CuI and CdS are blueshifted from the bulk band gaps of these materials (indicated by arrows at the top of each spectrum), and the magnitude of this shift is inversely related to the nanoparticle radius. These spectral shifts are a manifestation of the confinement of photogenerated electrons and holes in these diminutive particles. [31] [32] [33] The magnitudes of the spectral shifts seen for small CdS and -CuI nanoparticles are disparate. For example, CdS nanocrystals having a mean radius of 17 Å are blue-shifted by ∼500 meV, whereas nanocrystals of -CuI nanocrystals with radii of 13.6 Å are blue-shifted by just ∼120 meV. The greater "sensitivity" of CdS to the nanocrystal radius derives from the smaller hole effective mass in this material (0.8m o vs 1.4m o for CuI). Because the dielectric constants of -CuI and CdS are similar (4.58 vs 5.4), the lighter holes of CdS possess larger wave functions than their counterparts in CuI, and the Bohr radius for an exciton in CdS is therefore proportionately larger.
Plots of PL energy versus radius for -CuI and CdS are shown in Figure 7 (data points). Also plotted in Figure 7 are calculations of the band gap energy as a function of the nanocrystal radius for these two materials (solid lines). The agreement between the calculated band gap and the experimentally observed PL indicates that photoexcited electrons at the conduction band edge recombine directly with holes at the valence band edge. This process results in the emission of a PL photon having an energy equal to that of the band gap. This radiative recombination pathway competes with a second process involving the thermalization of electrons and holes into trap states existing within the band gap. These traps are the inevitable consequence of surface defects such as dangling bonds, and impurities. If the recombination of trapped electrons and holes produces photons, this process manifests itself as PL emission that is red-shifted from the band gap. Little evidence for this undesirable "trap state" emission exists in the spectra shown in Figure 6 .
Collectively, the data shown in Figures 6 and 7 permit the following conclusions: (1) E/C-synthesized nanocrystals of -CuI and CdS on graphite surfaces are luminescent. (2) Luminescence from these nanocrystals derives from the band-to-band recombination of photogenerated electron and holes; this transition does not involve "deep" trap states. This fact suggests that the crystal quality and purity of these materials are excellent. (3) The PL emission energy can be smoothly tuned by adjusting the nanocrystal radius using the E/C synthesis conditions (i.e., the duration of metal plating in step 1).
VI. "Decoupling" for Improved Particle Size Monodispersity
Using the E/C method, size-monodisperse nanocrystals of the salt, MX, should be obtainable from size-monodisperse nanoparticles of the metal, M. However, metal nanoparticles that are synthesized electrochemically are not size monodisperse, 17, 19, 26 even though these particles nucleate instantaneously, and grow at the diffusion controlled rate. The question is, why?
Brownian dynamics (BD) computer simulations of metal particle growth have helped us understand the origins of particle size dispersion on these surfaces. Briefly, BD simulations have taught us the following. 34 At moderate nucleation densities (∼10 10 particles cm
), the growth of neighboring metal particles on a surface (separated by a few hundred angstroms) becomes diffusionally coupled within a few microseconds. At longer times, 35 the diffusion-controlled flux of reactant (i.e., M n+ ) for every particle depends on the number and proximity of neighboring particles. Since nucleation is spatially random, the number and proximity of neighbors is different for every particle on the surface, and the diffusion-controlled flux of M n+ at each growing metal particle is similarly inhomogeneous. This flux inhomogeneity provides the dominant mechanism by which particle size dispersion develops when the nucleation of particles is instantaneous. 34 In principle, this mechanism of distribution broadening can be defeated by periodically interrupting the growth of metal particles. 34 During these interruptions, the solution near the electrode surface is permitted to diffusionally mix for a second or so. During this interval, the depletion layer adjacent to each particle is erased, thereby "decoupling" the growth of each nanoparticle on the surface from its nearest neighbors. 34, 36 Decoupling should increase the homogeneity of the reactant flux from particle to particle on the surface, thereby improving the metal particle size monodispersity and the particle size monodispersity for the semiconductor quantum dots derived from these metal nanoparticles. 36 Since the PL emission lines for ensembles of quantum dots are inhomogeneously broadened as a consequence of particle size inhomogeneity, the PL emission line for Synthesis of Quantum Dots Penner ensembles of quantum dots will become narrower as the particle size distribution becomes narrower. Sasha Gorer investigated the effect of decoupling on the PL emission properties of cadmium sulfide nanocrystals prepared using the E/C method. Typically, the PL emission lines which are observed for thousands of E/C-synthesized CuI 20 and CdS 23 nanocrystals are 50-150 meV wide (i.e., the full width taken at half the maximum intensity). Shown in Figure 6 , for example, is a PL emission spectrum for approximately 300 000, 80-Å-diameter CdS nanocrystals having a width of 125 meV. 36 A single CdS nanocrystal, however, exhibits a much narrower PL emission line width of ∼15 meV. 37 This provides an estimate of the homogeneous line width that should be observed in PL spectra of thousands of identical CdS nanoparticles. The effect of decoupling on the PL spectrum for CdS is shown in Figure  8 . In this experiment, Gorer applied ten, 10-ms cadmium plating pulses and spaced (or decoupled) each growth pulse by 1 s (during which the electrode was at open circuit). These cadmium precursor particles were then converted into CdS, and the PL emission from these nanoparticles was measured. The 18-meV line is dramatically narrower than the 125-meV line for CdS nanoparticles of the same mean diameter obtained from cadmium precursor particles deposited using a single Cd plating pulse. The size of CdS quantum dots prepared using this "multipulse" synthesis method, and therefore the emission energy, can be adjusted by tuning the pulse duration, as shown in Figure 8 . 36 This result demonstrates the efficacy of decoupling as a strategy for improving the size monodispersity of semiconductor nanocrystals obtained using the E/C method.
VII. A Photodetector, and the Future
As indicated in the Introduction, quantum dots that are disposed in direct electrical contact with a conductive surface are ideal for device applications. Georg Erley recently demonstrated 37 the feasibility of electrically detecting the absorption of light by a submonolayer of cadmium sulfide quantum dots supported on a graphite surface. The design of his photodetector is shown in Scheme 3.
Low-temperature PL spectra and transient photocurrent device response spectra for this device are compared in the plot of Figure 9 for a device constructed using r ) 80 Å CdS quantum dots. 37 The PL spectrum for this device exhibits a slight blue shift of the emission maximum to 493 nm, qualitatively as expected for 80-Å CdS quantum dots. The absorption edge seen in the device spectrum was likewise blue-shifted to 501 nm, proving that the photocurrent measurement is sensitive to the nanoparticle band gap even at room temperature. Relative to other types of photodetectors, the quantum dot-based device of Figure 9 is inefficient. However, it serves as proof that E/C-synthesized quantum dots can be exploited to pro- Comparison of CdS/S nanocrystals prepared from Cd°nanocrystals deposited using a single, 100-ms plating pulse (spectrum "s.p."), multipulse CdS/S nanocrystals deposited using a sequence of 10 × 10 ms Cd°plating pulses (spectrum "x"), and a macroscopic (0001) oriented CdS single crystal (spectrum "s.c."). (d) Comparison of three CdS/S samples prepared using the multipulse method with Cd°plating programs of 10 × 8 ms (spectrum "w"), 10 × 10 ms (spectrum "x"), and, 10 × 12 ms (spectrum "y").
Scheme 3. Schematic Diagram of a Photodetector Based on
E/C-Synthesized CdS Nanocrystals on Graphite FIGURE 9. Experimental data for the photodetector shown in Scheme 3. Both photoluminescence spectra (acquired at 20 K using hν ex ) 3.51 eV; b) and device response spectra (acquired at 298 K; 9) are shown. The device response was measured by chopping the incident illumination and synchronously measuring the photocurrent. Error bars represent the dispersion of these photocurrent measurements.
Synthesis of Quantum Dots Penner duce a device having properties dictated by the electronic properties of the quantum dots. In principle, quantum dots synthesized using molecular beam epitaxy would also be suitable for the construction of a photodetector like that shown in Scheme 3. In the foreseeable future, we hope to show that that the inverse is also truesi.e., that E/C-synthesized quantum dots can function as substitutes for quantum dots synthesized by molecular beam epitaxy in some applications. We believe the attributes of the E/C method provide a clear motivation for making this substitution. All of the manipulations involved in an E/C synthesis can be performed on a benchtop in a normal laboratory air ambient using inexpensive instrumentation (costing just ∼$20 000) and with amazing speed. The "total synthesis" of CuI, CdS, or ZnO quantum dots can be carried out in approximately 30 min. The E/C method is size selectivesa range of different particle sizes can be prepared. And most importantly, the materials and optical properties of the nanocrystals prepared by E/C are on a par with quantum dots prepared using molecular beam epitaxy. 
